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The Neutrino Revolution
(1998 — ...)

Neutrinos have nonzero masses!

Leptons mix!



These discoveries come from
the observation of
neutrino flavor change
(neutrino oscillation).



The Physics of
INeutrino Oscillation



The Neutrino Flavors

We define the three known flavors of neutrinos, v_, v , v_.
by W boson decays:

As far as we know, neither
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nor any other change of flavor in the v — 7 inferaction ever
occurs. With ao=e, u, T, v, makes only 7_ (/. = e, {u =u, /_=1).
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Neutrino Flavor Change
If neutrinos have masses, and leptons mix,
we can have —
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Flavor Change Requires Neutrino Masses

There must be some spectrum
of neutrino mass eigenstates v;:
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Mass (v;) = m;



Flavor Change Requires Leptonic Mixing

The neutrinos v, . of definite flavor
(W —ev, oruv, ortv,)

must be superpositions of the mass eigenstates:

I’v > = ZUI q v

Neutrino of ﬂwm L LNeutrino of definite mass m,
=€, U,0rT PMNS Leptonic Mixing Matrix

There must be af least 3 mass eigenstates v,

because there are 3 orthogonal neutrinos
of definite flavor v,



This mixing 1s easily incorporated 1nto the Standard
Model (SM) description of the /vW 1nteraction.

For this interaction, we then have —
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Taking mixing into account

If neutrino masses are described by an extension of the
SM, and there are no new leptons, U 1s unitary. Then —
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The Meaning of U
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The e row of U: The linear combination of
neutrino mass eigenstates that couples to e.

The v, column of U: The linear combination of

charged-lepton mass eigenstates that couples to v, .
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Neutrino Flavor Change (Oscillation)

. Approach of
IN VaC uum ( B.K. & Stodolsk}‘)
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Amp [v (x_""'[?v] = ZUai* Prop(-vi)Uﬁi
What 1s Propagator (-vi) — Prop(-vi)‘-?

In the v, rest frame, where the proper time is <.,

e,
EE vi(Ti) >=my|vi(Ti) >

Thus,
vi(1) >= e "7y (0) >
Then, the amplitude for propagation for time T

1S —
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Prop(v;) =< v;(0)|v; (1) >=e



In the laboratory frame —

< Time t >

Distance L

A

The experimenter chooses L and t.

They are common to all components of the
beam.

For each Vs, by Lorentz invariance,

(Ei, pi) X (t,L) = m.T. = Eit — piL .



Neutrino sources are ~ constant in time.

Averaged over time, the

e i1t _ o-1kat interference

1S —

unless E2 — E1

Only neutrino mass eigenstates with a common
energy K are coherent. (Stodolsky)



For each mass eigenstate ,
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Then the phase in the v propagator exp/-i im ;T ]
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Irrelevant overall phase |



What if the neutrino source 1s not constant in
time?

The relative phase between two mass eigenstates,
00(21) = (Eot — po L) — (E4t — p1 L)

1s unchanged.

(Lapkin)



An approximation to the average speed of the v,

and vV, waves 1S

P1 T P2
Ei+ Es

Then the travel time; =~ 1, /7
Thus,

0p(21) = (p1 —p2)L — (K1 — Eo)t

)2 — p2 E2 E ;
~ 0P 2L = (m5 —m7)L/2E
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Probability for Neutrino Oscillation
INn Vacuum
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For Antineutrinos —

We assume the world 1s CPT invariant.

Our formalism assumes this.



P(vq — 73) - Plvg — vo) = Pvg —vp:U — U™

Thus,
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A complex U would lead to the CP violation
P(Va — v3) # P(Va — vp)



— Comments —

1. If all m, = 0, so that all Amijz =0,

P (v

a

—> v ) = O
Vp) = Oup
Flavor change = v Mass

2. If there 1s no mixing,
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but
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talm.fays same v,

== Uor.iU =0, so that P (?; %-(\7[)3) = 60{[3'

P=ot 1

Flavor change = Mixing



3. One can detect (v, — vg) In two ways:

See vg_, In a v, beam (Appearance)

P=a

See some of known v, flux disappear (Disappearance)

4. Including # and ¢

) -
Am?*— = 1.27TAm*(eV?)

Y
L L(km)
G2 = A 2 2
sin”|1.27TAm~*(eV) B(GoV)

1ts argument reaches O(1).

L(km)
E(GeV)

| becomes appreciable when

An experiment with given L/E 1s sensitive to

E(GeV)
m2(eV2) 2
Am=(eV~) 7. (k)




0. Flavor change 1n vacuum oscillates with /K.

Hence the name “neutrino oscillation”. {The
[/E 18 from the proper time <.}

6. P ( — vﬁ depends only on squared-mass

Sphttmgg. Oscillation experiments cannot
tell us
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7. Neutrino flavor change does not change the
total flux in a beam.

It just redistributes it among the flavors.

active

Cb.ve an qﬁu}u = Qﬁur < CbOI‘iginal



8. Assuming all coherent v, 1n a beam have a

common momentum p, rather than a common
energy L, 1s a harmless error.

(—)

This assumption leads to the same P(v,, — V).




Important Special Cases

Three Flavors
For B # @,
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= 4HUQ3U@3‘2 Sill2 Agl -+ ‘UagUﬁg‘g Sill2 Agl
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sin Az sin Agq cos(Aszo s 032)] -

Here 030 = arg(U,3U 33U 5Ugs) , a CP — violating phase.

Two waves of different frequencies,
and their S interference.



When One Big Am? Dominates

T These splittings are
m? L L
+ invisible if Amzf = O(1)
For B # «, 2
L _
P({vgk — 5/5) Sas sin’ (Am E) ; Sap =4 .C; U.:Ugi
7 Clump

For no flavor change,

. . L N
P =0y =1 AT (1 = T.) sin2(Am?> P
(Vo — Vo) o W) sin® (Am 415)* W=y UL

¢ Clump

“1 Clump” 1s a sum over only the mass eigenstates on one
end of the big gap Am?.
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When the Spectrum Is—

V3 T V2 T G Invis}_jb]e if
AM?2 or AM2 Amgf =0

:}% - V3 ¢

For 5 # «,

P(;(u; (1/}3) >~ 4|U,3U33]* sin ?(Am? 4%)

For no flavor change,

(—) (—)

Plvgy —vg) =1 —-

032 (1 — |Uas|?) SinQ(AmQ%)

Experiments with Am?% = O(1) can determine the

L
E
flavor content of v,.
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When There are Only Two Flavors
and Two Mass Kigenstates

Am? Majorana
v, ,(}Flphaae
[ Ui Uao | cosf) sinf e’ 0
| Usy Uy | | —sinf cosb 0 1
T— Mixing angle
Sas =4T,(1 —T,) = sin” 20
(—) (—) . 9 . 9 2 L
For B # «, P(v, < v3) = sin” 26 sin“(Am E) .

— - L
For no flavor change, P(l{/&.} - ?,E’&.)) = 1 — sin® 20 sin*(Am* —).
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